Introduction
In polyhedral boron chemistry, it has long been a goal to develop catalytic cycles by combining the oxidative and coordinative richness of transition metal elements with the capability of boron clusters to exhibit oxidative/reductive flexibility in their classical closo -nido -arachno transformations. In this regard, we have shown that the 11-vertex rhodathiaborane system, [8, 8, 8 -(H)(PPh 3 ) 2 -9-(Py)-nido-8,7-RhSB 9 H 9 ] (1) / [1,1-(PPh 3 ) 2 -3-(Py)-closo-1,2-RhSB 9 H 8 ] (2) exhibits a remarkable nido-to-closo redox reactivity that can operate in the hydrogenation of alkenes (Py = pyridine). 1 In this system, the {SB 9 H 8 (Py)} fragment can be regarded as a non-innocent ligand that cooperates with the metal vertex in the reactions, conferring a bifunctional nature to these rhodathiaboranes.
Reactions of 1 and 2 with hydrochloric acid have recently demonstrated further the remarkable lability and bifunctional character these 11-vertex rhodathiaboranes. 2 These reactions are new convenient routes to Cl-ligated rhodathiaboranes; thus, air-stable yellow [8,8- Figure 1 ORTEP-type of drawing of compounds 3 (left) and 14 (right), and detail of the rhodium-tocluster coordination sphere (below the clusters). Ellipsoids are shown at 50 % probability levels.
Compounds 5, 13 and 14 are based on the same pyridine-substituted { 4 -SB 9 H 9 (Py)} fragment than 3, but with rhodium vertices that bear a third exo-polyhedral ligand to form the organometallic fragments, {Rh(Cl)(CO)(PPh 3 )}, {Rh(Cl)(PMe 3 ) 2 } and {Rh(Cl)(PMe 2 Ph) 2 }, respectively (schematic cluster structure II, Figure 1 ). These rhodium units are reminiscent of 1, 6 which contains a {Rh(H)(PPh 3 ) 2 } fragment at the 8-position. Thus, for comparison, important interatomic distances and angles in 1, 3, 5, 13 and 14 are given in Table 2 . A common structural feature of 3 and 16 is that the {RhCl(PPh 3 )} and {Rh(PPh 3 ) 2 } units are twisted away from a reference plane through Rh(8)B(1)B(6). The dihedral angles  between the planes formed by P(1)Rh(8)Cl and P(1)Rh(8)P(2), in 3 and 16, and the S(7)Rh(8)B(9) plane are 53º and 59º, respectively. Table 1 gathers this structural facet that is found in 11-vertex metallaheteroboranes that incorporate {M(L) 2 }-and {MClL}-fragments, where M = Rh, Ir, or Pt. Also listed in Table 1 are the angles between the {M(8)E(7)B(9)} and {E(7)B(2)B(5)B(9)}, where E = C, N or S, planes in different 11-vertex metallaheteroboranes ( Figure 2 ). This dimension is appropriate to examine for intermediacy of structure between conventionally nido compounds 1, 3, 5, 6, 13 and 14, and closo-cages 2, 8, 9 and 10.
The data indicate that conventional nido-structures exhibit a  angle close to 50º, whereas, in 11-vertex metallaheteroboranes that incorporate {ML 2 } units, there is some shift from the nido structure towards the closed octadecahedral cage. As expected for 11-vertex isonido-clusters, which exhibit a quadrilateral open face, the angles are closer to pure 11-vertex octadodecahedral closo-cages than to 11-vertex icosahedral nido-clusters, but clearly shifted toward the nido-cage when compared to typical 11-vertex closo-cages (see Table 1 ). The bis-phosphine-ligated clusters, 13 and 14, were characterized in situ by NMR in samples that contained the mono-phosphine parent species, 11 and 12, as minor components. Although the assignment of the resonances has some ambiguity due to overlapping peaks, the 1 H-{ 11 B} and 11 B NMR data indicate that the pattern of the spectra do not change significantly upon coordination of a second phosphine ligand at the rhodium centre ( Figure 5 below). The 31 P-{ 1 H} spectra exhibit two principal resonances, which correspond to two different phosphine ligands. It is noteworthy that the highest field peak is broad in both species even at low temperature.
Bonding Considerations.Application of the electron-counting rules to compounds 3, 11, 12 and 15
gives a formal 12 sep. This number predicts a closo-structure based on an octadodecahedon. 18 In compound 3, the rhodium centre could be tentatively described as having a distorted square-planar environment, with bonding vectors directed toward the two exo-polyhedral ligands, and the S(7) and B(4) vertices of the {SB 9 H 9 (Py)}-fragment, which in 3 are situated trans to the PPh 3 and Cl ligands,
respectively (Figure 1).
A discrepancy between the electron-counting rules and the structure is common among polyhedral molecules that incorporate C 2v fragments such as {RhL 2 } or {PtL 2 }. This problem has been long recognized and rationalized, 19 and it has been dealt with in the literature several times. 11, 16, 20 Alternatively, it has been suggested 13 Table S1 ) suggesting that 3a is a reasonable model for these 11-vertex unsaturated clusters.
The energy of the optimized minima for the nido-isomer, 3a, lies 57 kJ/mol lower in energy than the isomer 3b ( Figure 4 ) which exhibits an isonido-structure. This structure, with a {Rh(1)S(2)B(4)B (7) 24 in which invariably the hydride ligand lies trans to the sulfur vertex.
The electronic unsaturation of the 11-vertex Cl-ligated rhodathiaboranes augurs a rich reaction chemistry with Lewis bases. The following sections describe the interaction of 3 with CH 3 CN, and the reactions with CO, pyridine and Proton Sponge.
As illustrated in Figures S10 to S12, the addition of 8 equivalents of acetonitrile to a solution of 3 in dichloromethane results in significant changes of the NMR spectra. Thus, 11 B resonances corresponding to the B(9), B(3) and B(5) vertices shift towards high field, the B(6) and B (11) In addition to the above-noted changes, in neat CD 3 CN, there is formation of minor species, inferred from new low intensity peaks in the 11 B-{ 1 H} NMR spectrum and the existence of a new broad peak at +15.0 ppm in the 31 P-{ 1 H}. Interestingly, when the sample is evaporated to dryness and dissolved in CD 2 Cl 2 , the NMR spectra correspond to the Cl-ligated cluster, 3, demonstrating that the behavior in acetonitrile is reversible.
These results are consistent with the existence of an equilibrium between 3, free acetonitrile and a CH 3 CN-ligated species of formulation [8,8,8- 
These two new stoichiometric cycles are, therefore, driven by simple Brønsted acid/base chemistry.
Conclusions
The PPh 3 -ligated rhodathiaboranes, 1, 2 and 4, react readily with aqueous HCl to give new Cl-ligated clusters in high yields. Similarly, the PR 3 -ligated analogues, 6-10, react with hydrochloric acid to give Cl-ligated clusters. In contrast to the PPh 3 -counterparts, these reactions are less selective, giving rise to the formation of mixtures that contain [8,8- (14) . For the {RhCl(PR 3 ) 2 }-containing compounds, 13 and 14, the reaction implies the addition of HCl to the 11-vertex closo-clusters and the transformation of the structure to nido. This structural opening is consistent with the thesis that the introduction of one electron pair into a closo cluster opens the cage to a nido framework. However, the formation of the mono-PR 3 -ligated species, 3,
give formally unsaturated 12 sep clusters with nido-structures, rather than the predicted closo-isomers.
DFT-calculations demonstrate that the nido-structure is more stable than the closo, without the need to that may find their way into some synthetic applications. We are exploring these and other aspects arising from the chemistry of these polyhedral clusters.
Experimental General Procedures
Reactions were carried out under an argon atmosphere using standard Schlenk-line techniques. Solvents were obtained dried from a Solvent Purification System of Innovative Technology Inc. The 11-vertex rhodathiaboranes 1, 2, 4, 6, 7, 8, 9 and 10 were prepared according to the literature methods. 1 Proton Sponge was purchased from Aldrich and used as received. Preparative thin-layer chromatography (TLC) was carried out using 1 mm layers of silica gel G (Fluka, type GF254) made from water slurries on glass plates of dimensions 20  20 cm and dried in air at 25 C. Infrared spectra were recorded on a PerkinElmer Spectrum 100 spectrometer, using a Universal ATR Sampling Accessory. NMR spectra were recorded on Bruker Avance 300-MHz and AV 400-MHz spectrometers, using 31 was used for the ionization processes, and the molecules under study were protected with a matrix of
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB).
Criteria of purity for the Cl-ligated species 11, 12, 13, 14 and 15 were clean multinuclear NMR spectra allied with mass spectrometric fragmentation patterns.
X-ray crystallography
The structures of 3 and 5 were reported in reference 2. Crystals of compounds 13 and 14 suitable for X-ray diffraction analysis were grown by slow diffusion of hexane into a concentrated solution of each rhodathiaborane in dichloromethane. X-ray diffraction data were collected at low temperature (100 (2) K) on an automatic Bruker Kappa APEX DUO CCD area detector diffractometer equipped with graphite-monochromatic Mo-K  radiation ( = 0.71073 Å) using narrow frames (0.3˚ in ). In all cases, single crystals were mounted on a fiber and were covered with a protective perfluoropolyether.
Intensities were integrated including Lorentz and polarization effect with SAINT-Plus program 30 and corrected for absorption using multi-scan methods applied with SADABS program. 31 The structures were solved using the SHELXS-97 program. 32 Refinements were carried out by full-matrix least-squares on F 2 with SHELXL-97, 33 including isotropic and subsequent anisotropic displacement parameters for all non-hydrogen atoms. Experimental diffraction parameters and crystal data are gathered in Table 3 .
Calculations
All calculations were performed using the Gaussian 03 package. 34 Structures were initially optimized using standard methods with the STO-3G* basis-sets for C, B, P, S, and H with the LANL2DZ basis-set for the rhodium atom. The final optimizations, including frequency analyses to confirm the true minima, together with GIAO nuclear-shielding calculations, were performed using B3LYP methodology, with the 6-31G* and LANL2DZ basis-sets. The GIAO nuclear shielding calculations were performed on the final optimized geometries, and computed 11 B shielding values were related to chemical shifts by comparison with the computed value for B 2 H 6 , which was taken to be δ( 11 B) +16.6 ppm relative to the BF 3 (OEt 2 ) = 0.0 ppm standard.
DOSY experiments
The 1 H DOSY experiments were performed on a Bruker Avance 400 MHz spectrometer. During the DOSY experiments, the temperature was set to 300 K and maintained with an air flow of 400 L h however, evaporation of the CDCl 3 solvent and washing (three times) with hexane, afforded an orange solid that showed the mono-PMe 3 -ligated cluster, 11, together with the bis-PMe 3 -ligated derivative, [13) in a 1:1.3 relative intensity ratio, respectively. (8) 
